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This study aims at investigating the effect of removing the negative values of Choi–Wiliams
distribution (CWD) related to the electromyogram (EMG) for visualization and instantaneous
median frequency (IMF) estimation. Beyond the EMG signals from triceps surae and biceps
brachialis, the CWD  was applied in a simulated sinusoidal signal as like in stationary and
non-stationary simulated EMG signals (SES). The CWD negative values of all simulated and
EMG  signals were removed. The IMF values were obtained for SES and EMG. The CWD IMF
values from SES and EMG were thus compared with the IMF values from short time Fourier
transform (STFT) by means of correlation. The suppression of negative values from the
CWD  reduced cross terms inﬂuence and improved visualization, as shown by the increasednstantaneous median frequency correlation coefﬁcient between the IMF values. Before this suppression, the extracted IMF
values showed large oscillation along the time, with various spurious values beyond 500 Hz,
which disappeared after the suppression. Moreover, this procedure seems to be especially
nary 
where x(t) is the signal under consideration, ω(t) is a windowuseful for non-statio
.  Introduction
he use of Fourier based methods, as fast Fourier trans-
orm (FFT) and short time Fourier transform (STFT), has been
idely applied to identify the electromyogram (EMG) fre-
uency contents in several contexts as fatigue, motor control
nd electric stimulation. An essential condition regarding the
se of the Fourier transform (FT) is that the signal must be
tationary [1–4].
The reduction of the signal window in which the Fourier
ransform is applied usually can solve the stationarity problem
hen one is dealing with the EMG  related to isometric con-
ractions. This window reduction, however, can be unhelpful
n the range of 50–80% of the maximal voluntary contraction
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(MVC) of isometric signals [5] and in dynamic contractions
[1,3]. Therefore, it is mandatory to test for signal stationarity
before applying any Fourier based method. Otherwise, alter-
native time-frequency methods should be sought.
One of the most used time-frequency methods is the spec-
trogram, which is a Cohen class distribution member [6,7]. It
is represented by the squared magnitude of STFT:
STFT[x(t)] ≡ X(, ω) =
∫ ∞
−∞
x(t)ω(t − )e−jωtdt (1)function,  is the time-lag and X(,ω) is the Fourier transform
of the function x(t)ω(t − ).
erved.
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Table 1 – Frequency contents of the Y(t) simulated signal
and its respective magnitudes.
Time (s) Frequency contents Magnitude
Simulated signal Y(t)
1 40 2
2
100 0.1
125 1.3
150 2.2
175 3.5
180 1.8
3
200 0.5
240 2.2
260 2
280 2.4
300 1.6686  c o m p u t e r m e t h o d s a n d p r o g r a m
The Choi–Williams distribution (CWD) is a time-frequency
transform that has already been used in the EMG signal
processing mainly in studies of muscular fatigue [1,4,8], uter-
ine myoelectric activity [9] and injury prevention [10]. The
CWD  is a Cohen class member, which is related to parameters
such as the instantaneous median frequency and the instanta-
neous power, which is the integral over all frequencies at each
time [2]. The instantaneous median frequency (IMF) has been
employed to monitor the CWD  spectral parameters similarly
to the conventional FT median frequency [1,4,8,11].
The CWD  is given by:
D(t, f ) =
∫ ∞
−∞
∫ ∞
−∞
∫ ∞
−∞
R(t, ) e−(1/)(
2·2)e−j2 (t′−t)e−j2fd dt′d (2)
where R(t, ) is the instantaneous autocorrelation function for
the time-lag ,  is the frequency-lag and e−(1/)(2·2) is the
exponential kernel that characterizes the CWD,  whose effect
is controlled by the scaling factor , which should be chosen
between 0.1 and 10 [2]. Higher values approximate the CWD
to the classical Wigner–Ville distribution.
Although the CWD  can reduce the energy of cross terms,
a signiﬁcant amount of spurious values remains in the time
frequency map,  which may affect both quantitative and qual-
itative analysis [12]. This fact justiﬁes the need of alternative
methods for reducing the Choi–Williams cross terms interfer-
ence.
Fan and Evans [13] suggested that only the positive val-
ues of Wigner–Ville distribution (WVD), other Cohen class
member, should be taken into account, concerning that the
negative values are exclusively due to cross terms. Beyond the
study of Cardoso et al. [14], which extended such procedure to
various Cohen class transforms applied to ultrasound signals,
it was not found any study that has studied the effect of this
proposal to the CWD  from EMG  signals.
Therefore, the comparison of the CWD  spectral parameters
under such conditions with classical Fourier based methods
may contribute to elucidate if this procedure returns better
information concerning the EMG  spectral parameters.
Likewise, it would be interesting to evaluate the correla-
tion between the CWD  and the STFT among fatigue process,
employing normalized IMF  values. In this sense, the objective
of this study was to investigate the effect of considering only
the positive values of the CWD  from EMG  signals in order to
estimate the IMF  value and to compare with the classic FT
median frequency.
2.  Theoretical  background
The theoretical evaluation of WVD  presented by Fan and Evans
[13] can also be applied to the CWD.  Seizing the example used
by Choi and Williams [2], regarding a signal x(t) given by the
sum of two sinusoidal waves  with frequencies ω1 and ω2 and
phases 1 and 2:
x(t) = A1ej(ω1t+1) + A2ej(ω2t+2) (3)4 Chirp 4
the auto terms (AT) would be represented by:
AT = 2 A21ı(ω − ω1) + 2 A22ı(ω − ω2) (4)
where ı is the Dirac delta function. Moreover, the cross-terms
(CT) would be tied to the following expression:
CT = 2A1A2 cos[(ω1 − ω2)t + 1 + 2] · weight (5)
where weight represents the factor that reduces the magni-
tude of the cross terms and varies with the scale factor . The
cosine in Eq. (5) determines whether the cross terms are neg-
ative or positive, since the A1 and A2 magnitudes are always
positive.
Therefore, as in the WVD,  the auto terms would present
only positive values, in contrast to the cross terms, which
could acquire positive or negative values. Thus, taking into
account only positive values could reduce the inﬂuence of
cross terms in the distribution.
Although this chosen signal x(t) is much less complex than
wide band EMG signals, this rationale makes composition of
auto terms and cross terms clear and highlights the reasons
for the proposed method.
3.  Methods
3.1.  Simulated  signals
For better understanding the effect of ignoring negative val-
ues, the CWD  (1) was ﬁrst applied at a simulated signal y(t) that
was constructed (Table 1) by means of sinusoid waves sums
with different frequencies and magnitudes and by a chirp
function (Table 1) aligned in a vector form with a sampling
frequency of 1000 Hz. The sigma value adopted was always
1 [1] and the window function was Hamming. The CWD  was
also applied to stationary and non-stationary simulated EMG
signals (SES), with a sampling rate of 1000 Hz, as described in
previous studies [15,16]. After that, the negative values of the
time-frequency map  from y(t) and SES were replaced by zeros.
The time-frequency maps from y(t) and SES were constructed
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efore and after neglecting the negative values. The IMF  values
rom y(t) and SES given by:
MF(t)∑
0
S(t, f )df =
∞∑
IMF(t)
S(t, f )df (6)
ere thus obtained, either previously and after ignoring the
egative values. The correlation between these values and the
espective IMF  given by STFT (Hanning window) were calcu-
ated for quantifying the effect of this procedure.
.2.  EMG  of  elbow  ﬂexors
he same procedure regarding the CWD  was also applied to
MG  signals from 12 right handed male subjects (23.42 ± 3.03
ears, 86.52 ± 8.55 kg), which were selected to participate in
he study, presenting at least two years of experience in
trength training. All participants provided written informed
onsent and did not relate any history of osteomyoarticu-
ar injuries at the right elbow. The Local Ethical Committee
pproved this experiment.
Each subject was instructed to perform a maximal isomet-
ic voluntary contraction (MIVC) of the right elbow ﬂexor group
nd sustain it for 10 s in a sitting position with the elbow
t 90◦ while the left arm remained relaxed on the thigh. A
ope tied to each performer wrist and a load cell ﬁxed to the
round provided the resistance. It was allowed to each indi-
idual adjusting the seat to facilitate the elbow positioning in
he test position. Verbal encouragements were given over the
ests.
Ag/AgCl Electrodes were employed to capture the biceps
rachialis EMG  signal in a bipolar conﬁguration according to
he SENIAM protocol [17]. The signal was ampliﬁed 100 times
nd sampled at 2000 Hz through a 12-bit digitizer DAQCard-
024E (National Instruments, USA). The data were stored on
 personal computer for further analysis, using a programme
eveloped in LabView (National Instruments, USA).
The signals were submitted to a 4th order Butterworth
and-pass ﬁlter, 20–400 Hz, resulting from a 2nd order ﬁlter
pplied in the direct and reverse directions to avoid phase dis-
ortions. The IMF  values related to the CWD  and STFT were
btained at every 400 ms.  As the CWD  returns a data array
one IMF  value is obtained per sample, while STFT gives one
MF  value per processed window) for each 400 ms  segment,
he median of the IMF values over the 400 ms  intervals was
cquired. It was considered only the signals after 2 s of con-
raction, since the stabilization of the torque produced by the
lbow ﬂexor muscles has occurred about this time and its
scillation could inﬂuence the stationarity level of the signals.
The IMF  values from CWD  regarding the overall distribution
nd only the positive values were compared to the IMF val-
es related to the STFT by means of the correlation (Pearson,
 = 0.05). Likewise, the regression lines slopes were analyzed by
orrelation (Pearson,  ˛ = 0.05) intending to quantify the repro-
ucibility of trends. o m e d i c i n e 1 1 1 ( 2 0 1 3 ) 685–692 687
3.3.  Triceps  surae  fatigue
A group of eight male subjects with age 18.57 ± 0.38
(mean ± SD) years, mass 68.05 ± 9.03 kg and height
174.26 ± 6.93 cm,  was selected to participate among mili-
tary personnel, engaged in the regular regimen of physical
activity. All participants provided written consent and did not
relate any history of osteomyoarticular injuries at the right
knee or ankle. This experiment was also approved by the
Local Ethical Committee.
The subjects laid prone on a Norm Dynamometer (Cybex,
USA), with the ankle at neutral (90◦) position. The right
foot was ﬁrmly ﬁxed to the foot adaptor. The familiarization
session consisted of step trials of submaximal contrac-
tions followed by one maximal contraction. Plantar ﬂexion
torques associated to maximal isometric voluntary contrac-
tions (MIVC) were collected twice within two minutes rest
interval and the highest value was selected as the maximum
torque. The protocol consisted of keeping a torque target at
40% MIVC. A real-time feedback of force output was displayed
to the subject who attempted to match it to the 40% MIVC line
of the protocol.
The surface EMG  was collected using a data acquisition
system (EMG System, Brazil) with 106 dB CMRR, analogical
band-pass ﬁlter with cut off frequencies 10 and 500 Hz, 2000 Hz
sampling rate, and a 16 bits A/D converter. Disposable Ag-
AgCl electrodes were positioned on gastrocnemius medialis
(MG), gastrocnemius lateralis (LG) and soleus (SOL) muscles
according to SENIAM recommendations, after skin prepara-
tion [17]. The reference electrode was positioned on the left
lateral malleolus.
EMG signal was also pre-processed with the 4th order band-
pass Butterworth ﬁlter (20–400 Hz) employed to the biceps
brachialis EMG. In this case, however, it was necessary to apply
a cascade of 2nd order notch ﬁlters [16] to reduce the mains
noise (60 Hz and harmonics). These ﬁlters were also applied in
direct and reverse directions to avoid phase distortions.
As the time until exhaustion differs among individuals,
the total time was divided in 10% intervals for analysis. Thus,
the mean values of IMF related to the CWD  were obtained for
each 10% interval of the entire signal duration [18]. The linear
regression was applied to these sequences of ten successive
values for trend detection.
The 10 mean values of IMF from CWD  regarding only the
positive values were compared to the 10 IMF  mean values
related to the STFT by the Pearson correlation (  ˛ = 0.05). Like-
wise, the regression lines slopes were analyzed by correlation
(˛ = 0.05) intending to quantify the reproducibility of trends.
The software Matlab v. 6.5 (The Mathworks, USA) was
employed for signal simulation and processing and the Graph-
Pad Prism 5 (GraphPad Software, USA) for the statistical
analysis.
4.  ResultsThe y(t) frequency components with lower magnitude (100 and
200 Hz) became almost invisible in the CWD  time-frequency
map.  Besides, the discarding of the negative values signiﬁ-
cantly reduces the cross terms related to the y(t) CWD  (Fig. 1b),
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Fig. 1 – CWD  of the simulated signal y(t) considering the entire distribution (a), the positive values only (b) and the IMF
values related to the CWD  and STFT (c).
which is supported by the correlation (r = 0.99) between the IMF
from STFT and CWD.
The CWD  time-frequency map  of the SES show a consid-
erable presence of cross terms, mainly in the non-stationary
case (Figs. 2 and 3). This can be better viewed through the
IMF  values, which are shown in dotted lines, superimposed to
the time-frequency map.  In the original CWD  transforms (the
upper plots in ﬁgures), the IMF  shifts to values close to 500 Hz
in various moments, which is an undesirable effect of the orig-
inal. The removal of negative values considerably reduced the
cross terms inﬂuence in both cases, conducting the IMF values
into what was expected for the simulated signals, which are
band limited between 80 and 160 Hz (lower plots in ﬁgures).
This effect also appear in the correlation between IMF values
Fig. 2 – CWD  of a simulated stationary EMG  signal. The superim
vertical dotted lines indicate fast transitions from the expected (lfrom STFT and CWD,  which showed signiﬁcant increases for
both stationary (from 0.85 to 0.92, p < 0.05) and nonstationary
(from 0.08 to 0.8, p < 0.05) signals. The IMF  ﬂuctuation was also
substantially reduced in the EMG from both biceps brachialis
(Fig. 4) and triceps surae.
The dispersion diagram related to the IMF values from CWD
and STFT of the biceps brachialis EMG show that the removal
of the negative values increased the correlation between IMF
values given these methods from (r = 0.73) to (r = 0.79), corrob-
orating with the angular coefﬁcients results (Fig. 5), whose
correlation increased from (r = 0.83) to (r = 0.93).Table 2 presents the results of the correlation between
the normalized IMF values from CWD  and STFT as well as
between the slopes of their respective linear regression over
posed white dotted line represents the IMF  values. The
ower) value to the upper bound, caused by negative values.
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Fig. 3 – CWD  of a simulated non-stationary EMG  signal. The superimposed white dotted line represents the IMF values.
Fig. 4 – EMG  of the biceps brachialis in time domain (a). The vertical lines mark the 1 s interval which was chosen for the
CWD obtainment. CWD  of the biceps brachialis EMG  over 1 s with (b) and without (c) negative values. The white dotted line
represents the IMF  values.
Table 2 – Correlation coefﬁcients related to the normalized IMF  values from triceps surae EMG.
Angular coefﬁcient Normalized IMF
Muscle r r2 P value Muscle r r2 P value
MG 0.97 0.94 <10−3 MG 0.99 0.98 <10−3
LG 0.93 0.86 <10−3 LG 0.99 0.98 <10−3
SOL 0.95 0.90 <10−3 SOL 0.87 0.76 0.001
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Fig. 5 – Correlation between the regression slopes from IMF  values of CWD  and STFT methods, when using the entire
aluestime-frequency distribution (r = 0.83) and only the positive v
time. The data suggest no difference in the interpretation of
the fatigue process (Fig. 6). However, the IMF  values from STFT
were always greater than the CWD  ones.
5.  Discussion
After extensive bibliographic review, it was not found any work
correlating results of STFT and CWD  from electromyographic
signals. Coorevits et al. [3] compared the STFT and the Wavelet
transform (WT) of the back spine muscles during the isometric
extension of the hip and trunk, suggesting that both trans-
forms lead to similar information. Hostens et al. [19] analyzed
the myoelectric activity of the biceps brachiallis and brachio-
radiallis muscles during isometric and dynamic contractions
by means of the FFT and the WT. Their data suggest that these
methods present very close values with respect to low inten-
sity contractions.
The comparisons between STFT and CWD  indicated high
correlation indexes, however affected by the residual cross
terms, especially regarding the non-stationary SES. The sup-
pression of negative values greatly reduced the signal’s
contamination by cross-terms, as expected. The supressed
negative values are related exclusively to the cross terms,
since the magnitude of the auto-terms is always quadratic
[2,13].
The IMF  values from the CWD  behaved in a more  homo-
geneous way after discarding the negative values. When
plotted over the time-frequency map,  the IMF  values became
coincident with the time-frequency pattern (Figs. 2–4). This
assertion gets quantitative support in the correlation with
the IMF  values from the STFT, regarding that the correlation
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Fig. 6 – Correlation between the normaliz (r = 0.93).
increased signiﬁcantly for the IMF values related to the biceps
brachii EMG (r = 0.79), stationary (0.92) and non stationary SES
(0.80), as well as biceps brachii EMG regression slopes val-
ues (r = 0.93). In addition, for the triceps surae, the correlation
between the IMF normalized values showed that the exclu-
sive use of positive values signiﬁcantly approached the results
from STFT and CW (Table 2).
The employment of the proposed method could reduce
the limitations described by Bonato et al. [20] which sug-
gested that the positive distribution Cohen–Posh would be
most favourable than CWD  regarding the fatigue monitoring
during dynamic contractions. These authors indicate that the
negative values inherent to CWD  time-frequency map  would
cause a great oscillation of the IMF  values, becoming difﬁcult
to determine a desired joint range of movement  for producing
a reduced IMF ﬂuctuation. Thus, discarding the negative val-
ues lead to reduce the IMF ﬂuctuation over time, increasing
the CWD  efﬁciency concerning the dynamic fatigue process.
Since the CWD  is indicated to overcome some limitations
of Fourier based methods, as signal stationarity, the impor-
tance of subtracting negative values would increase given that
non-stationary signals present more  pronounced IMF  values
ﬂuctuation (Fig. 3), thus leading to raised cross terms inter-
ference. In the particular condition of high-speed dynamic
contractions, this problem can become more  evidenced, since
the time window usually decreases. If one wants to obtain a
single value to represent the IMF  behaviour over a time interval
[10] with the reduced time window, more  notable becomes the
interference of the spurious values, concerning that the IMF
estimation generates a reduced data array. Thus, the reduction
in the number of available IMF  values enhances the inﬂu-
ence of each single value in the statistical parameter that
ius Mediali s
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ed IMF  values from CWD  and STFT.
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epresents the overall data array, as the mean, the mode or
he median.
Karlsson et al. [21] suggested that the CWT  is most indi-
ated to monitor the dynamic fatigue process than STFT, CWD
nd WVD.  However, it would be interesting to perform a new
omparison between the CWD  and the CWT  employing the
roposed method in order to verify if it increases CWD  efﬁ-
iency. Indeed, the correlation coefﬁcients between the IMF
alues from CWD  and STFT in the present study were very
lose to that described [8], which compared the FFT and the
WT.
The employed methodology approximated the regression
esults from CWD  and STFT spectral parameters (Fig. 6)
egarding the gastrocnemii and soleus EMG. This is in accor-
ance with the employed experimental protocol, since the
bsence of movements during the isometric contractions is
xpected to cause slow changes in the EMG signals [4,22],
ainly with the adopted overload below 50% of the MIVC [5].
herefore, for this particular application both STFT and the
roposed CWD  methods are adequate.
The non stationary SES presented a higher incidence of
ross terms (Fig. 3) which generated a great IMF ﬂuctuation.
hen using only the positive values the cross terms inﬂuence
as reduced and lead the IMF  values into what was expected,
s shown by the correlation with STFT values. For station-
ry SES, the IMF  oscillation was lower and the correlation
as signiﬁcant, despite the higher correlation after discarding
he negative values. When considering non-stationary signals,
owever, STFT may produce biased IMF  estimates and thus,
he correlation with CWD  is affected [1,2,6].
In spite of the signiﬁcant correlation between the IMF  val-
es produced by the STFT and the CWD  methods (Table 2),
hese values may not be considered equals, since the IMF
alues from STFT were always greater than the CWD  ones
Fig. 5). This difference can be explained by the scaling proper-
ies of the CWD  algorithm, where the frequency components
resenting lower magnitude are attenuated to allow bet-
er frequency resolution as shown for the simulated signal
Fig. 1). Thus, considering the lower energy concentration in
he higher frequencies, such attenuation would cause lower
MF  values. Additionally, the exponential kernel employed for
emoving the cross terms in CWD  method also has a low pass
ffect, since the CWD  algorithm keeps the energy situated
ear and attenuates the energy away form the frequency axis.
Although the correlation between the normalized IMF  val-
es from the SOL has been very signiﬁcant (r = 0.87), the
orrelation was even more  considerable for the gastrocnemii
r = 0.99). This fact can be associated with the electrodes loca-
ion in relation to the muscle group, since the SOL is a deeper
uscle [23], increasing the probability of cross talk interfer-
nce, including the own gastrocnemii, which could affect the
tationarity level of the signal.
The analysis of fatigue in this study was limited to sur-
ace EMG  methods, where the frequency band was limited to
0–400 Hz. Dimitrova and Dimitrov [24] suggested that lower
requencies in the band 0.5–20 Hz would be of relevance in EMG
nalysis regarding that during fatigue the shape of the after-
otentials can change, increasing the power at a frequency
ange below 10 Hz. However, it was adopted the recommen-
ations of De Luca [25] (20–400 Hz) since the employing of o m e d i c i n e 1 1 1 ( 2 0 1 3 ) 685–692 691
frequency cutoffs on 0.5 or 1 Hz implies on higher amount of
DC and low noise interference, as ECG in signal from thoracic
region and electrode motion artefacts. Furthermore, most
recent papers [18,26,27] are still following the recommenda-
tions of De Luca [25] for frequency band.
6.  Conclusion
The present study demonstrated that the suppression of
the negative values of the CWD  greatly reduces the cross
terms inﬂuence in the time-frequency map,  as shown by the
extracted IMF values. Besides, discarding the negative val-
ues appears to be essential for non-stationary signals, which
present more  evidenced IMF ﬂuctuation.
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